Coffee brew contains a brownish zinc-chelating polymer designated ApV. ApV was prepared from the precipitate formed in a solution of instant coffee by adding ZnCl 2 and purified using ion-exchange and cellulose column chromatographies. The antioxidative activities of ApV and related compounds were evaluated in this study. The free-radical scavenging activity of ApV estimated by ABTS assay was at a similar level to that of instant coffee, while the O 2 À scavenging activity of ApV, which is superoxide dismutase-like activity, was lower than that of instant coffee. The hydroxyl-radical scavenging activity of ApV was higher than that of instant coffee, and the auto-oxidation of linoleic acid was more strongly inhibited by ApV than by caffeic acid.
The roasting process applied to green coffee beans forms the pleasant aroma, taste, and brown color of brewed coffee. This brown color is one of the most important characteristics of coffee brew, indicating that the browning reaction has an essential effect on the quality of the brew. The major reactions occurring during roasting are the Maillard reaction between sugars and amino groups, and oxidative polymerization or degradation of phenolic compounds. 1) Coffee beans contain about 8% phenolic compounds, 7% reduced sugars and 12% protein, 2) and coffee is one of the richest sources of chlorogenic acid and its derivatives. 3, 4) The brown pigment in coffee brew is formed by the reaction of phenolic compounds, sugar, and amino acids that are easily decomposed and polymerized during roasting. 2, 5, 6) Consequently, the brown pigment in coffee brew and that in roasted coffee beans should have a similar partial structure of melanoidins and polymer of phenolic compounds. 1) It is well-known that brewed coffee has very strong antioxidative activity, 7, 8) and that such browning substances as melanoidins and polyphenolic compounds greatly contribute to this strong antioxidative activity and to the metal-chelating activity of coffee bevera-ges. 1, [9] [10] [11] [12] [13] This activity is not restricted to use as an antioxidant in food systems, but is also related to the function of protecting cells from oxidative damage in a biological system. It would be interesting on the basis of the relationship between health and coffee intake to find a positive effect of brewed coffee on the biological system. The mechanism for the antioxidative activity of brewed coffee is complicated, but it involves a radicalscavenging chain reaction, trapping active oxygen species, and chelation of transition metals. 1) The choice of assay is therefore crucial, particularly for a food system, and the use of different methodologies might help to give a more complete picture. 14) We have been examining a Zn-chelating substance in brewed coffee. We purified a chelating fraction, ApV, by precipitation with ZnCl 2 and chromatographic techniques. 15) ApV is a brownish polymer containing about 30.4% phenolics, 10.5% nitrogen, and only 3-4% amino acid residues and sugars. The molecular weight of ApV was estimated to be about 35,000 by gel permeation chromatography, and its chemical formula was experimentally determined to be C 16 H 21 O 9 N 3 . ApV is considered to be formed by the Maillard reaction, involving the polymerization of phenolics or their degradation products during roasting, and has shown definite chelating activities against Fe, Zn, and Cu. 1) Moreover, our group also purified an Fe-chelating substance from instant coffee, which was the same active fraction obtained as a Zn-chelating substance, ApV. 1) These properties are strongly indicative of ApV having antioxidative activity. Hence we decided to evaluate this activity. We found that ApV is indeed an antioxidant, and we discuss the relationship between its antioxidative activity and Zn content, and the mechanism of its antioxidative activity.
fluorescein sodium salt and linoleic acid were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and Cellulose Mikrokristallin were purchased from Merck (Darmstadt, Germany), and a WST SOD assay kit was purchased from Dojindo Laboratories (Kumamoto, Japan). All other chemicals were of analytical grade.
Sample preparation. ApV was prepared from instant coffee (Nescafe Goldblend; Nestle, Kobe, Japan), according to the method of Homma and Murata. 15) Instant coffee of lyophilized type (10 g) was suspended in a 10 mM hexamethylenetetramine buffer (pH 5.0) containing 20 mM ZnCl 2 and left for 12 h. The precipitate containing Zn that formed was taken to be Znchelating substances. This precipitate was dissolved in 1% aqueous ammonium solution and passed through anion-and cation-exchange columns (1:5 Â 30 cm) successively. The non-adsorbed fraction was then purified by cellulose column chromatography (1:5 Â 30 cm), which was eluted with a mixture of 2-propanol and 1% aqueous ammonia solution (5:2, 250 ml; 3:2, 125 ml; 1:1, 150 ml). The browning degree (OD 470 ) and Zn concentration of the eluates were measured. Zn concentration was determined with an AA-670 atomic absorption spectrometer (Shimadzu, Kyoto, Japan). The ApV fraction was lyophilized. The yield of ApV obtained from instant coffee was 0.2-0.4% (w/w).
The same procedure was conducted for an extract of green coffee beans. Robusta green coffee beans (Coffea robusta) cultivated in 2003 were supplied by Tokyo Allied Coffee Roasters Co. (Tokyo, Japan) and stored at 4 C before being used. The coffee beans were pulverized in a National MK-51M-HW coffee mill (Matushita, Kobe, Japan). About 500 ml of hot water was added to 60 g of the ground coffee, and the mixture was stirred for 3 min. The supernatant obtained by centrifuging the mixture was lyophilized, and the resulting powder was used as the extract of green coffee beans.
ApV (200 mg) from instant coffee was dissolved in 60 ml of an 8.3 mM acetate buffer (pH 4.0) containing 0.83 mM EDTA and dialyzed against water for 72 h. The internal solution was lyophilized for use as EDTAtreated ApV.
ApV (200 mg) from instant coffee was dissolved in 100 ml of a 10 mM hexamethylenetetramine buffer (pH 5.0) containing 2 M ZnCl 2 and dialyzed against water for 72 h. The internal solution was lyophilized for use as Zn-saturated ApV.
Instant coffee (10 g) was suspended in 30 ml of a 10 mM hexamethylenetetramine buffer (pH 5.0) containing 20 mM ZnCl 2 and left for 12 h. The supernatant obtained by centrifugation was dialyzed against water for 72 h, and the internal solution was lyophilized for use as the non-precipitate fraction.
ABTS method. The ABTS-radical scavenging assay was conducted according to the method of Pellegrini et al. 16) The decrease in absorbance at 734 nm of the ABTS radical in the presence of a sample was measured to show the free-radical scavenging activity of a sample. Each sample solution (0.1 ml) was mixed with 2.9 ml of a 75 mM phosphate buffer (pH 7.0) and 1 ml of the ABTS solution (88 M final concentration). The final concentration of a sample was 25 g/ml. The test solution was mixed for 30 s, and absorbance at 734 nm was measured at 30 C after precisely 3 min. Appropriate solvent blanks were run in each assay, and the percentage inhibition was calculated for blank absorbance at 734 nm. Caffeic acid (0.5, 1.0, 2.0, 4.0, and 6.0 g/ml final conc.) was used as a positive control, and the activity of a sample was expressed as g of caffeic acid equivalence per 100 g.
Superoxide dismutase (SOD)-like activity. SOD-like activity was evaluated with a WST SOD assay kit according to the method of Ukeda et al. 17) O 2 À was produced by the system of xanthine and xanthine oxidase, and five concentrations of each sample were prepared. Each sample solution (20 l) was mixed with 200 l of the reagent working solution and 20 l of the enzyme working solution. The test solution was incubated for 20 min at 37 C, and absorbance at 450 nm was measured with a GENios microplate reader (Wako). The inhibition activity of each sample was calculated against the absorbance of the blank. We assumed that the inhibition activities of a sample (mg/ml) and SOD (U/ ml) at the 50% inhibition concentration (IC 50 ) obtained from the inhibition curve were equivalent. The superoxide-anion scavenging activity (SOSA) per gram of sample (U/g) was evaluated from the IC 50 s of SOD (0.4 U/ml) and the sample.
Oxygen-radical absorbance capacity (ORAC) assay. The ORAC value for each sample was evaluated according to the methods of Huang et al. 18) and Cao et al. 19, 20) In the final assay mixture (0.225 ml total volume), 81.6 nM fluorescein was used as an indicator, AAPH (320 mM) as a hydroxyl radical generator, and Trolox as a control standard. A microplate reader was programmed to record the fluorescence every minute for 35 min at wavelengths of 535 nm for emission and 505 nm for excitation after AAPH addition. The ORAC activity of samples was calculated using the differences in areas under the quenching curves of fluorescein between a blank and a sample, and expressed as micromoles of Trolox equivalence per 100 g (ORAC value).
Auto-oxidation of linoleic acid. Antioxidative activity against the auto-oxidation of linoleic acid was evaluated by the method of Osawa and Namiki. 21) A test solution containing 20 mM linoleic acid, 0.1 M phosphate buffer (pH 7.0), and 20% (v/v) ethanol was put into a glass bottle with a screw cap and kept at room temperature for tend. An aliquot of this solution (0.1 ml) was taken out and mixed with 4.7 ml of a 75% (v/v) ethanol solution, 0.1 ml of a 7.5% (w/v) ammonium thiocyanate solution, and 0.1 ml of a 0.02 M FeCl 2 solution containing 3.5% (v/v) HCl. The final concentration of each sample was 0.4 g/ml. Absorbance at 500 nm was measured after precisely 3 min.
Statistical analysis. Each experiment was run at least three times, and the mean value was shown. A statistical analysis for each sample (ANOVA) was conducted by StatView 5.0. Differences at p < 0:05 were considered significant. Table 1 shows the content of Zn in ApV prepared from instant coffee. ApV contained 2.60 mg/g of Zn, while EDTA-treated ApV contained only 0.36 mg/g of Zn, showing that more than 80% of Zn bound to ApV had been removed by the EDTA treatment. On the other hand, Zn-saturated ApV contained 28.0 mg/g of Zn. This content is more than 10 times greater than that of ApV prepared from instant coffee, showing that ApV prepared from instant coffee was not saturated with bound Zn and had further capacity to bind Zn. Figure 1 shows the order of free-radical scavenging activity rated from high to low in green coffee beans, ApV (instant coffee), non-precipitate fraction (EDTA-treated ApV), and Zn-saturated ApV. The radical scavenging activity of ApV was similar to that of instant coffee and higher than that of the non-precipitate fraction, suggesting that the free-radical scavenging activity of a high-molecular-weight substance with chelating activity in instant coffee was strong. Figure 2 shows the order of SOD-like activity rated from high to low in green coffee beans, instant coffee, non-precipitate fraction, EDTA-treated ApV (ApV), and Zn-saturated ApV. The O 2 À scavenging activity of ApV that is SOD-like activity is lower than that of instant coffee because the antioxidative compounds in instant coffee contain not only high-molecular-weight substances such as melanoidins and the like, but also lowmolecular-weight substances such as phenolic compounds like chlorogenic acid. It is very likely that the O 2 À scavenging activity of low-molecular-weight phenolic compounds is higher than that of melanoidin-like substances. This suggests that the major features of the chemical structure of ApV are melanoidin-like substances and polyphenolic polymers having few free OH groups. SOD-like activities of ApV having different metal content suggest that the less the content of metal in ApV, the higher the SOD-like activity of ApV. Figure 3 shows the order of ORAC values rated from high to low in green coffee beans, ApV (EDTA-treated ApV), instant coffee (non-precipitate fraction), and Znsaturated ApV. In contrast to the values for SOD-like activity, the hydroxyl-radical scavenging activity of ApV was very much higher than that of instant coffee. This suggests that high-molecular-weight melanoidins and polyphenolic polymers which possess chelating activity are effective components for scavenging hydroxyl radicals. Moreover, it also indicates that the hydroxyl-radical scavenging activity of high-molecularweight melanoidin-like substances was stronger than that of low-molecular-weight phenolic compounds. Each value is shown as the equivalence to caffeic acid and is presented as the mean AE SD (n ¼ 9). Different letters show significant differences (p < 0:05). SOSA, superoxide-anion scavenging activity. Each value is presented as the mean AE SD (n ¼ 3). Different letters show significant differences (p < 0:05).
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The inhibition activities of ApV and its related compounds against auto-oxidation are shown in Fig. 4 . OD 500 at the same storage time (7, 8, 9 , and 10 d) showed significant differences (p < 0:05). Green coffee beans had the highest inhibition activity, followed by instant coffee, EDTA-treated ApV, ApV, caffeic acid, and Zn-saturated ApV. The auto-oxidation of linoleic acid was more strongly inhibited by ApV than by caffeic acid. To compare the antioxidative activity of ApV by varying the content of chelating metal (EDTA-treated ApV, ApV, and Zn-saturated ApV), the less the content of chelating metal in ApV, the higher its antioxidative activity. The antioxidative activity of Zn-saturated ApV was the lowest, suggesting that an increase in Zn content in ApV weakened Zn-chelating activity. But Zn-saturated ApV still showed antioxidative activity compared with the control. Proton-donating or reducing activity as well as chelating activity appears to be important for the antioxidative activity of ApV. According to our previous data, 1) hydrogenation of ApV reduced the inhibitory activity against auto-oxidation of linoleic acid by half. These results suggest that olefinic moieties such as enol and enaminol in the structure of ApV were involved in this activity. The antioxidative activities resulting from different concentrations of ApV are shown in Fig. 5 ; increasing the ApV concentration increased antioxidative activity.
The result that the antioxidative activity of instant coffee was lower than that of green coffee beans suggests that the antioxidative activity of green coffee beans was decreased by roasting. Three likely main effects of roasting coffee beans are protein decomposition, 22) the formation of melanoidins, and the degradation of low-molecular-weight phenolic compounds. 23, 24) For example, antioxidative compounds such as caffeic acid, chlorogenic acid, quinic acid, and furulic acid are found in greater amounts in green coffee beans and significantly decrease, up to 50-90%, during roasting. 25, 26) The antioxidative activity of Zn-saturated ApV was the lowest, suggesting that the greater the amount of metal in ApV, the less its antioxidative activity. The radical-scavenging activity of EDTA-treated ApV was similar to or lowers than that of ApV. We do not know the reason, but it is possible that ApV was dissociated into fragments by the EDTA treatment, and that a small fragment having radical-scavenging activity was lost by dialysis. The radical scavenging activity of ApV was at a similar level to that of instant coffee, indicating that the high-molecular-weight substance with chelating activity in instant coffee had strong antioxidative activity. Our previous data 1) showed that ApV contained about 30% phenolic substances and more than 10% nitrogen. This result suggests that ApV is a polymer of polyphenols and melanoidin-like substances containing reductons, enaminol, and other scavenging groups. 27) These might explain the high antioxidative activity of ApV.
The radical scavenging activity of ApV contributing to instant coffee was calculated from the radical scavenging activity of ApV and the yield of ApV from instant coffee. The radical scavenging activity of ApV (ABTS: 310 g of caffeic acid eq./100 g; ORAC: 25.8 mol Trolox eq./100 g) was higher than that of instant coffee (ABTS: 290 g of caffeic acid eq./100 g; ORAC: 7.05 mol Trolox eq./100 g), whereas the contribution of ApV to the total radical-scavenging activity of instant coffee was less than 2% (ABTS or ORAC) because of the low yield of ApV. This shows that the contribution of ApV to the total radical scavenging activity of instant coffee is relatively low and that brew coffee contains many other antioxidants 28) than ApV. But the major objective of this study was to determine the properties of a high-molecular-weight substance with chelating activity in instant coffee and to discuss relationship between antioxidative activity and Zn content.
In conclusion, ApV, which is a Zn-chelating substance in coffee and a brown polymer derived from chlorogenic acid, sugars, and proteins, showed definite antioxidative activity. The radical scavenging activity of ApV was a little higher than that of instant coffee. The greater the content of Zn in ApV is, the lower its antioxidative activity. Olefinic moieties such as enol and enaminol in the structure of ApV appear to be involved in this activity. This high-molecular-weight substance with a similar partial structure to those of melanoidinlike substances and polymers of phenolic compounds are perhaps responsible for the antioxidative activity of ApV.
